An emission study of the interaction between dihydrogen phosphate and a series of ruthenium polypyridyl complexes containing the anion receptor 4,4'-bis[(2-methoxyethyl)carbamoyl]-2,2'-bipyridine is reported. An increase of the emission intensity and lifetime are observed in the range 0-2.5 molar equivalents of H 2 PO 4 -. The effect of the addition of trace amounts of water is also examined.
Introduction
In recent years there have been concerted efforts to design electrochemical and optical sensing devices based on transition metal based receptors. 1 Because of their stability and favourable redox and luminescent properties ruthenium(II)bipyridyl compounds have been extensively studied as potential sensing molecules. 2+ are sensitive to the addition of chloride. 5, 6 For 1 the addition of chloride results in an increase of emission intensity, while upon the addition of phosphate anions this intensity is seen to decrease. For 3 the interaction with phosphate has not been reported.
In this contribution an emission study on the interaction between compounds of this type and dihydrogen phosphate anion is reported. The complexes investigated are of the type [Ru(L) 2 (L1)]X 2 where L is 2,2'-bipyridyl, (compound 1) 1,10-phenanthroline (compound 2)
and [Ru(L1) 3 ]X 2 , (compound 3) and X is PF 6 -(1-3) or chloride (1a and 3a). The results obtained show that an increase in emission intensity and lifetimes is observed for all three compounds up to 2.5 molar equivalents of phosphate added. At higher concentrations the behaviour of 1 and 2 is significantly different from that observed for 3. It is also shown that the interaction between the receptor and the anion is extremely sensitive to the presence of traces of water. 
Experimental Section
Materials.
All solvents used for spectroscopic measurements were of Uvasol (Merck) grade. All other reagents were of HPLC grade or spectroscopic grade (Merck UVASOL). A 0.4 M solution of tetrabutylammonium dihydrogen phosphate in anhydrous acetonitrile (Sureseal, Aldrich) was used as a stock solution.
Titration studies
Steady-state emission titrations were carried out by the addition of 0.1 cm 3 aliquots of a 0.4
M solution of dihydrogen phosphate in anhydrous acetonitrile with a micro syringe to a 250 cm 3 acetonitrile solution of the appropriate ruthenium complex (1 x 10 -5 M). Emission measurements were then made after a minimum of 10 minutes equilibration. Emission lifetime measurements were carried out in air saturated hplc grade acetonitrile containing the ruthenium compounds (1 x 10 -5 M).
Spectroscopy.
1 H NMR Spectra were obtained in [D 3 ]acetonitrile or [D 6 ]DMSO and recorded on a Bruker
Avance 400 (400 MHz) NMR spectrometer. UV/Vis absorption spectra (accuracy ± 2 nm)
were recorded on a Shimadzu UV/Vis-NIR 3100 spectrophotometer interfaced with an Elonex PC466 using UV/Vis data manager. Emission spectra (accuracy ± 5 nm) were recorded at 298 K using a Perkin-Elmer LS50B luminescence spectrophotometer, equipped with a red sensitive Hamamatsu R298 detector, interfaced with an Elonex PC466 employing Perkin- 4 4 Elmer Fl WinLab custom built software. Emission and excitation slit widths were 10 nm at 298 K. Emission spectra are uncorrected for photomultiplier response. 10 mm pathlength quartz cells were used for recording spectra.
Single Photon Counting
Luminescence lifetime measurements were obtained using an Edinburgh Analytical 
Synthetic procedures
Ligand synthesis :
In a slight modification of the literature method 7 L1 was obtained via a condensation reaction of 4,4'-bisdiethylester of 2,2'-bipyridine with 2-methoxyethylamine. The use of the diester, which was obtained via the esterification 8 of 4,4'-bis(dicarboxy)-2,2'-bipyridyl 9 increases the ease of the preparation because of its increased stability with respect to the acid chloride originally used. [Ru(bpy) 2 [Ru(bpy) 2 
(L1)](Cl) 2 (1a)
1a was prepared using the procedure outlined above for the PF 6 salt with the following modification. After removal of all of the solvent from the reaction mixture, the residue was taken up in a minimum volume of ethanol. Small quantities of the orange solid could be isolated by the slow addition of the ethanol solution into a large quantity of well-stirred, cold, diethyl ether. 1 H NMR and hplc indicate that the metal cation is identical to that obtained in 1. 
[Ru(L1) 3 ](Cl 2 ).2H 2 O (3a)
.
The dichloride was obtained using the procedure above with the following modification.
After the reaction was completed the reaction mixture was evaporated to dryness, diluted with a small volume of ethanol, and chilled overnight. The precipitated dichloride was collected and dried in vacuo(300 mg, 78% 
Results
General. All compounds were obtained in analytically pure form by established synthetic methods. It was noticed that phosphate saturated solutions of the hexafluorophosphate salts (especially at high concentrations of the complex) produce a precipitate upon standing overnight. No precipitation was observed when chloride was used as a counter ion. For this reason a set of dichloride analogues 1a and 3a were prepared for comparison.
Emission studies. The effect of the addition of dihydrogenphoshate on the emission properties of dilute acetonitrile solutions (1 x 10 -5 M) of complexes 1-3 has been studied. All 3 compounds show small changes in the emission maximum (See Table 1 ). For all compounds well-defined but relatively small changes in the UV spectra are observed upon addition of the anion. The clearest changes are obtained for 2. For this compound there is a significant 8 8 decrease in the absorption maxima at 263 nm upon addition of 2.5 equivalent of dihydrogen phosphate.
Addition of phosphate to 1 shows a 2.6 fold increase in emission intensity upon addition of 2.5 equivalents of H 2 PO 4 -(See figure 2) with no further change thereafter. Under the same conditions the dichloride 1a shows an increase in the emission intensity by a factor of 1.7. In ethanol similar results are obtained but the magnitude of the increase was not as large.
. Complex 2 shows a 1.5 fold increase in emission intensity upon addition of 2.5 equivalents of phosphate. At phosphate concentrations greater than this there was no further change in emission intensity. For complex 3 addition of 2.5 equivalents of dihydrogenphosphate caused a 1.6 fold increase in the emission intensity. (See Fig 3) However, unlike observed for 1 and 2, further additions of phosphate caused stepwise reduction in the emission signal, until at 4 equivalents or above, the intensity had dropped to a value slightly below that observed without phosphate. The dichloride analogue 3a shows a similar trend in emission intensities and maxima as observed for 3. This compound shows a 1.7 fold increase upon addition of 2.5 equivalents of phosphate, followed again by stepwise quenching.
The effect of the addition of dihydrogenphosphate on the emission lifetime of the compounds was also investigated. and 3a increase up to 2.5 equivalents and then decrease until at approximately 4 equivalents it has returned to the value observed in the absence of phosphate. 9 9 Since it is generally accepted that the interaction mechanism responsible for the interaction between receptor and anion is hydrogen bonding, the effect of the water in the emitting behaviour was investigated. The results obtained in a typical example are shown in Figure 4 .
In this experiment, phosphate solutions containing different amounts of water are added. The results obtained show that the emission intensity decreases dramatically in the presence of water and that in the presence of 1000 molar equivalents the emission is that observed in the absence of phosphate. In an another experiment water was added to a receptor/anion solution to obtain information about the stability of the assembly upon addition of water. These experiments showed that at least 10 6 molar equivalents to disrupt the anion/receptor interaction.
Discussion
The application of ruthenium polypyridyl complexes as sensing materials is based on their For 3 a slow decrease in the emission intensity is observed for higher anion concentrations. For this latter compound there is clearly still interaction with incoming additional phosphate and the emission is affected, as is also observed for the chloride anion from NMR. 5 It is clear however that this interaction does not lead to a further increase in emission intensity. The reasons for the decrease observed are at present not understood but may be related to the overall charge of the complex formed upon binding.
The results obtained for the hexafluorophosphate and chloride salts are very similar, indicating the the formation of precipitates with the PF 6 -compounds at higher phosphate concentrations does not affect the results. It was however observed that the emission increase observed is less for the chlorides. For 1 the intensity increases 2.5 fold, while for the dichloride 1a a 1.7 fold increase is observed. In the case of 3 the difference between the behaviour of the two salts is not as marked. This suggests that the counter chloride anions are 11 11 interacting with the modified ligand cavity in solution prior to the addition of phosphate. The difference between 3 and 3a is less than between 1 and 1a since in 3a a free site is available for incoming phosphate ions while in 1a the one recognition site available will most likely already contain chloride. The binding of chloride has been reported before. 
